Aim: To investigate the spatial relationship between climate variability and cryptosporidiosis and giardiasis notifications in New Zealand between 1997 and 2006.
diarrhoeal disease in immunocompetent people and 14-24% of diarrhoeal disease in those with HIV (Guerrant 1997 (Snel et al. 2009b) . Giardia is another protozoan enteropathogen of significance. According to Hoque et al. (Snel et al. 2009a) .
The seasonal patterns of cryptosporidiosis (Snel et al. 2009b ) and giardiasis (Hoque et al. 2004; Snel et al. 2009a) observed in New Zealand are likely to be due to a combination of factors. In New Zealand, the spring peak in cryptosporidiosis is thought to be due, in part, to the increase in the number of infectious livestock during the spring lambing and calving season (Goldsmid et al. 2003; Lake et al. 2008; Snel et al. 2009b) . However, the seasonality of these protozoan diseases raises the possibility that seasonal variation in climatic factors, such as rainfall and temperature, could also be influencing disease rates.
One of the main routes of transmission of
Cryptosporidium and Giardia to humans is through water (Rose 1997; Goldsmid et al. 2003) . High levels of rainfall onto saturated soil could plausibly facilitate the transfer of Cryptosporidium oocysts in animal manure into surface water (Lake et al. 2005; Thurston-Enriquez et al. 2005) .
Sewage overflow during high levels of rainfall could also lead to Cryptosporidium oocysts and Giardia cysts contaminating water used for recreation or drinking (Lake et al. 2005) . In several studies rainfall has been found to be positively correlated with the concentration of Cryptosporidium oocysts and/or Giardia cysts in surface and runoff water (Atherholt et al. 1998; Thurston-Enriquez et al. 2005; Arnone & Walling 2006; Miller et al. 2007 ).
Water treatment plants may offer some protection against water-borne transmission but they may not be adequate to cope with a substantial increase in pathogens in the water source following heavy rainfall (Curriero et al. 2001; Naumova et al. 2005) . The 1993 Milwaukee outbreak of cryptosporidiosis has been attributed to a preceding period of heavy rainfall and runoff that increased the turbidity load and the number of oocysts to levels that the treatment plant could not adequately remove (MacKenzie et al. 1994; Rose et al. 2001) .
However, the link between rainfall and protozoan disease is still controversial in the literature. A positive association was found between rainfall and cryptosporidiosis rates in a study in the North-West region of England (Naumova et al. 2005) . According to Naumova et al. (2005) the "overall weekly rate of cryptosporidiosis in the region increases by 27%, (95% CI 21-33%) if the cumulative rainfall for the prior week was at the 75th percentile (or 22 mm)". In contrast, a study in Brisbane, Australia found no association between rainfall and monthly cryptosporidiosis incidence (Hu et al. 2007) . Similarly, Lake et al. (2008) did not find an association between rainfall and cryptosporidiosis in New Zealand. However, this study analysed the relationship at the national level using nationally aggregated climate data, which may not have reflected the geographic variation in rainfall exposure in New Zealand. Both Hu et al. (2007) and Lake et al. (2008) found that temperature was positively associated with cryptosporidiosis rates.
The relationship between giardiasis and climate variability has not previously been investigated in New Zealand.
Specific international literature on this topic is also limited.
In one study giardiasis was found to be more prevalent in the rainy season in Mexico compared to the dry season (Cifuentes et al. 2004) . In another study, in Massachusetts, rates of giardiasis were reported to peak approximately one month after a peak in temperature (Naumova et al. 2007) .
Positive associations between water-borne disease outbreaks and heavy rainfall events have been found in three other recent studies and giardiasis is one of the most common waterborne diseases (Rose et al. 2000; Curriero et al. 2001; Thomas et al. 2006) .
The IPCC has projected that climate change will lead to increasing temperatures, rising sea levels and an increase in the severity and frequency of extreme rainfall events, floods and droughts (IPCC 2007) . Consequently, climate change is likely to affect the transmission of infectious diseases, including water-borne enteric infections (IPCC 2007) .
Therefore it is particularly important to have a better understanding of the relationships between climate variability and water-borne enteric diseases. Any increase in enteric disease burden due to climate change would have major public health significance in developing countries.
There is a marked geographic variation in climate in New Zealand, (Mackintosh 2001) which allows for the relationship between climate variability and disease to be analysed spatially. The purpose of this study was therefore to investigate the spatial relationships between rainfall and ambient temperature and notifications of cryptosporidiosis and giardiasis in New Zealand over the 10-year period 1997 to 2006.
METHODS
The geographical level of analysis chosen for this study was the census area unit (CAU). CAUs are statistically defined areas that are comparable in size and distribution with the other environmental exposures of interest in this analysis.
Outcome data
The outcomes of interest in this study were the total cryptosporidiosis and giardiasis notification counts during 1997 -2006 for each CAU in New Zealand. The geocoded outcome data were obtained from the national notifiable disease surveillance system, provided by the Institute of Environmental Science and Research Ltd (ESR).
Exposure data
The climate data for each CAU were derived from mathematical surfaces fitted to long run average climate station data for New Zealand for the period 1950 -1980 (Leathwick et al. 2002b) . The variable used in this analysis to represent rainfall was the average annual rainfall to evaporation ratio. This measure was used as an indicator of runoff into water sources (Leathwick et al. 2002a) .
Elevation, geographic coordinates and the relationship between the westerly winds and topography were used in fitting the rainfall surface. Monthly evaporation was calculated using the estimates of daily averaged temperature and daily solar radiation (Leathwick et al. 2002a) .
Non-climatic factors may also affect the rates of protozoan disease, such as the quality of water treatment (Duncanson et al. 2000; Naumova et al. 2000) , socioeconomic deprivation (Naumova et al. 2000) and urbanrural status (Snel et al. 2009c) . Therefore, the spatial patterns of these environmental factors and their potential influence on the rainfall/protozoan relationship were also examined in this study.
To classify the water quality of each CAU, a simplified version of the New Zealand Ministry of Health water distribution zone grading system was created, using the data for 1996. A water distribution zone is part of a water supply network, within which all consumers should receive drinking water of similar quality. Water within a distribution zone is supplied to all consumers from a similar source, with the same treatment. A small community will usually have a single water distribution zone, while larger towns and cities may have multiple zones. Each distribution zone serving 500 or more people has a public health grading, one for its treatment plant and source quality and one for its distribution quality (ESR (Institute of Environmental Science and Research Ltd) 2004). In our simplified classification system, water supplies with grades "A" or "a" were classified as best quality and grades "B -E" or "b -e" were classified as poorer quality.
Ungraded water supplies were classified as of unknown quality. Areas that did not have a reticulated community water supply were referred to as areas with "no water supply". The grading is an assessment of confidence in the risk to public health from the supply. Unsatisfactory gradings may reflect poor water quality, but also inadequate monitoring of water supplies or a risk of sudden deterioration, such as might occur with an unprotected water catchment or with a poorly maintained reticulation system. To reflect this vulnerability, ungraded supplies or distribution zones were attributed the highest level of risk (Hales et al. 2003) .
CAUs were classified as urban or rural, using the version of the Statistics New Zealand urban/rural profile classification system that is based on population density (Statistics New Zealand Aotearoa 2008). A simplified version of the NZDep2001 classification was used to analyse the influence of deprivation. NZDep2001 is an index of deprivation in small areas, which is derived from factor analysis using census variables relevant to social and material deprivation (Salmond & Crampton 2002) . In our study NZDep2001 categories 1-5 were classed as socioeconomically advantaged and NZDep2001 categories 6 -10 were classed as socioeconomically deprived.
Analytic methods
We imported maps of CAU boundaries, protozoan disease notifications, average temperature, rainfall, water distribution zones, rurality and socioeconomic deprivation into a Geographic Information System (GIS). Climate and water quality data were summarized within the CAU boundaries and exported to a statistical package for regression analysis.
A negative binomial regression model was chosen in order to account for over-dispersion. This model was compared with other count models using the Stata countfit test and was assessed as being the best model for the data. The correlation coefficients between the water supply distribution and source quality grades ranged between 0.62 (poorer quality), 0.83 (unknown quality) and 1 (no community reticulated water supply). The effect of water source quality and water distribution quality had to therefore be analysed in separate models to avoid multicollinearity. Subsequently for both cryptosporidiosis and giardiasis there were two multivariate regression models created. The source model included variables for the rainfall to evaporation ratio, temperature and indicator variables for urban/rural, deprivation and water supply source quality. The distribution model included variables for the rainfall to evaporation ratio, temperature and indicator variables for urban/rural, deprivation and water supply distribution quality.
RESULTS

Descriptive characteristics of CAUs
Tables 1 and 2 display the sample characteristics of the 1713 CAUs included in the analysis. Missing data meant that 131 (7.1%) CAUs were excluded. However, these CAUs had very small populations or were unpopulated islands or harbours and so their exclusion was unlikely to affect the overall results. The mean notification count per CAU was 5 for cryptosporidiosis and just under 10 for giardiasis over the 10-year period of interest, with considerable variability between CAUs.
Geographical analysis
Inspection of the GIS maps suggested that cryptosporidiosis and giardiasis notifications were more frequent in rural areas and in the South Island. The cryptosporidiosis map is presented in Figure 1 . Several areas were also identified that appeared to have high rainfall to evaporation ratios and high levels of protozoan disease notifications. A substantial number of CAUs in New Zealand did not have a reticulated community water supply, and many of the water supplies had poor quality gradings. Many of the areas that did not have the best quality water supply appeared to correspond to areas with high rates of protozoan disease notification.
Regression analysis
The results of the regression analyses are displayed in Tables 3 and 4 . An increased rainfall to evaporation ratio was associated with increased rates of both cryptosporidiosis and giardiasis notifications. This association was found to be significant in the unadjusted univariate analysis The effect of interaction between the rainfall to evaporation ratio and water supply quality on giardiasis
and cryptosporidiosis rates was also tested in subsequent models. However, the results were not used in this analysis as the inclusion of this interaction doubled to quadrupled the standard errors, indicating multicollinearity.
DISCUSSION
Key findings
A higher rainfall to evaporation ratio was associated with increased rates of both cryptosporidiosis and giardiasis Zealand (Snel et al. 2009b ). However, the urban/rural classification was not significantly associated with giardiasis in the multivariate analysis, a finding which is also consistent with previous New Zealand analyses (Snel et al. 2009a ). The differences in results between these two protozoan diseases might be explained by differences in transmission pathways. Cryptosporidiosis can be transmitted by infected animals such as cattle and sheep (zoonotic), whereas giardiasis is more likely to be transmitted by an infected human or by human sewage (anthroponotic) (Heymann 2004; Snel et al. 2009a,b,c) .
This difference in the relative importance of human and animal reservoirs may explain why rurality is associated with higher cryptosporidiosis rates but not giardiasis rates. Included variables for rainfall to evaporation ratio, temperature, and indicator variables for urban/rural, deprivation and water supply distribution quality. c 95% CI in parentheses.
The finding, that CAUs classified as socioeconomically advantaged had higher rates of notified cryptosporidiosis and giardiasis, is similar to the results of a previous geographical analysis of giardiasis and cryptosporidiosis rates in New Zealand (Snel et al. 2009a,b,c) . This finding could suggest that living in a socioeconomically deprived CAU is a protective factor against cryptosporidiosis and giardiasis. However, the use of notification data may be less likely to identify cases of disease in deprived areas, because the population in these areas may be less likely to access health care and laboratory testing services when they have a diarrhoeal illness (for a variety of reasons including transport barriers). Previous analyses of giardiasis and cryptosporidiosis found that people hospitalised with these diseases showed the more familiar gradient of higher rates for those from the socioeconomically deprived areas (Snel et al. 2009a,b) .
CAUs with no reticulated community water supply were found to have higher rates of both cryptosporidiosis and giardiasis compared with the CAUs with the best quality water supply, in both the univariate and multivariate models. This association was stronger for cryptosporidiosis than giardiasis and was not significant in the giardiasis distribution model. Within the CAUs that had the best quality water supply source, an increase in the rainfall to evaporation ratio was associated with a significantly reduced rate of cryptosporidiosis. This finding suggests that the CAUs with the best quality water supply source are better protected against the effects of rainfall on rates of cryptosporidiosis.
CAUs with poorer quality water supply sources had significantly higher rates of cryptosporidiosis compared to CAUs with water supplies that had the best quality source.
However, in both univariate and multivariate analysis, water supplies with poorer quality distribution had significantly lower rates of giardiasis notifications compared to CAUs with the best quality water supply distribution. This is a counter-intuitive result, which is difficult to explain.
However, it may potentially be due to reporting bias.
Areas with the best quality water may also be areas where the population may have better access to health care and subsequently may have higher notification rates (although, this is not the pattern seen for cryptosporidiosis).
Limitations and strengths
Notification data were used to identify those with the outcome of interest and this inevitably underestimated disease occurrence in the community. This source of data only includes those who sought medical attention from a doctor, were investigated using the correct laboratory tests, and who were subsequently notified to the medical officer of health. The reporting pyramid means that only a small fraction of community cases of enteric disease are ultimately reported to national surveillance agencies (Wheeler et al. 1999 ). These surveillance effects could have biased the results as they are likely to vary between areas of New Zealand. They could also have contributed systematic underestimation of disease rates within the more deprived or more rural CAUs due to the cost or accessibility of health care. Spatial autocorrelation was not adjusted for in the analysis so there is the potential that this may have affected the estimation of the standard errors.
A strength of this study was that it analysed environmental exposures with outcomes at the CAU level, instead of the national level, which enabled it to take into account the geographic variation in exposures across New Zealand.
However, it is important to note that even at this more homogenous level, aggregated data may not accurately describe individual exposure, (ecological fallacy) (Beale et al. 2008) . Additionally, in analysing spatial data, changes in the size and shape of the areal units used could affect the analysis (Modifiable Areal Unit Problem) (Beale et al. 2008 ). Misclassification of exposure could have occurred due to the CAU being incorrectly recorded in the notification data, which has been found to be an issue especially in rural areas (Skelly et al. 2002) . The climate data did not cover the specific time period of the disease outcome data. However, the climate data used were derived from thirty years of data for each CAU, so is likely to represent an accurate picture of the spatial pattern of exposure within CAUs.
Confounding
It was not possible to control for all potential confounders at the population level. However, this study was analysing long-term spatial patterns of disease and long-term climatic and environmental factors, so factors that varied in the short term, such as seasonal factors, could not have confounded the results. Nevertheless there were some potential confounders that were not controlled for in this analysis. Snel et al. (2009a,b,c) found that, in New Zealand, rates of cryptosporidiosis and giardiasis were higher in children and in those of New Zealand European ethnicity.
Unfortunately, for this study the demographic information was not available for the cryptosporidiosis and giardiasis notification data, and so the potential confounders of age, gender and ethnicity were not able to be included in the model.
CONCLUSIONS
A key strength of this study is that the associations are based on long-term observations, which increases the applicability of the results to the gradual effects of climate change. Global climate change is projected to increase the amount of rainfall in the western and southern parts of New Zealand, with an increase in the frequency of heavy rainfall in the west (Hennessy et al. 2007) . Therefore, if the associations found in this study are causal, other things being equal, this study suggests that CAUs in these areas may experience increased rates of cryptosporidiosis and giardiasis due to climate change. However, CAUs with higher average temperatures had reduced rates of cryptosporidiosis and temperature is projected to increase due to climate change (Hennessy et al. 2007) . Therefore these results suggest that the overall effect of climate change on cryptosporidiosis notifications may follow a complex spatial pattern in New Zealand, as the projected increase in temperature and increase in rainfall may have opposing effects.
Rural CAUs and CAUs that do not have a water supply were found in this study to have higher rates of cryptosporidiosis and giardiasis notifications. The results of this study also suggest that having the best quality water supply could be protective against the effects of increased rainfall on rates of cryptosporidiosis at the CAU level. These findings have implications for public health planning and climate change adaptation strategies. They suggest that improving CAU water supply quality in New Zealand, especially in rural areas, could be a method of reducing vulnerability to the impact of climate change on protozoan diseases. Even without the effects of climate change, our findings provide support for increasing the provision of community reticulated water supplies as a strategy to lower rates of these enteric diseases.
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